The mechanisms for directing axons to their targets in developing limbs remain largely unknown though recent studies in mice have demonstrated the importance of neurotrophins in this process. We now report that in co-cultures of larval Xenopus laevis limb buds with spinal cords and dorsal root ganglia of Xenopus and axolotl (Ambystoma mexicanum) axons grow directly to the limb buds over distances of up to 800 Am and in particular to sheets of epidermal cells which migrate away from the limb buds and also tail segments in culture. This directed axonal growth persists in the presence of trk-IgG chimeras, which sequester neurotrophins, and k252a, which blocks their actions mediated via trk receptors. These findings indicate that developing limb buds in Xenopus release diffusible factors other than neurotrophins, able to attract growth of sensory and motor axons over long distances. D
Introduction
During embryonic development, axons are guided to their appropriate destinations by different mechanisms including chemoattraction, contact attraction, chemorepulsion and contact repulsion (reviewed by Tessier-Lavigne and Goodman, 1996) . The concept of chemoattraction was introduced by Cajal (1928) but to date the number of identified chemoattractive factors remains surprisingly small. The best characterised examples are netrins-1 and -2 which guide the growth of commissural axons towards the floor plate in the spinal cord (reviewed by Kennedy and Tessier-Lavigne, 1995) . Several other factors are capable of stimulating axonal growth in vitro (reviewed by McFarlane and Holt, 1997) including the neurotrophins; nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), neurotrophin 4/5 (NT-4); fibroblast growth factors (FGFs), glial cell linederived neurotrophic factor (GDNF) and hepatocyte growth factor (HGF). However, their involvement in long-distance guidance of growing axons is generally equivocal (Markus et al., 2002) and it is likely that other chemoattractive factors remain to be identified. For example, corticospinal axons branch in response to unknown factor(s) released by the basilar pons (Sato et al., 1994) and cranial motor axons grow towards the brachial arches in response to unidentified factor(s) in addition to HGF (Caton et al., 2000) .
Peripheral nervous system (PNS) axons appear to grow into developing limbs in response to diffusible factors since limb and fin buds grafted to ectopic locations become innervated (Okamoto and Kuwada, 1991; Rubin and Mendell, 1980; Wang and Scott, 1999) . Consistent with this hypothesis, mesenchymal tissue from developing limbs stimulates neurite outgrowth from spinal cord explants in vitro (McCaig, 1986; Pollack et al., 1981) and axonal outgrowth from developing dorsal root ganglia (DRGs) is stimulated by dermal and muscle explants (Honig and Zou, 1995) . Although the chemoattractive factors involved have not been identified, limb buds in vertebrates express several neurotrophic factors which support survival of sensory and motor neurons during embryonic development and may also stimulate axonal growth. These include NGF, BDNF, NT-3, NT-4, GDNF, HGF and various FGFs (Ebens et al., 1996; Henderson et al., 1993; Martin, 1998; Trupp et al., 1995; Wheeler and Bothwell, 1992) but their roles in the development of limb innervation are largely uncertain. For example, HGF in mouse limb buds acts as a chemoattractant in vitro for axons of motor neurons (Ebens et al., 1996) but axons still project to limbs in HGF-null mice although the branching patterns of nerves within the limbs are abnormal (Bannerjee et al., 1998) . Recently however, studies using antibodies to neurotrophins (NGF, BDNF and NT-3) have shown these factors are required for extension of peripheral sensory and motor axons in cultured limb slices of mouse embryos (Tucker et al., 2001) . Furthermore, axonal extension into limbs of mice null for NGF or its receptor (TrkA) is impaired (Patel et al., 2000) . Nevertheless, although these studies demonstrate the importance of neurotrophins in the establishment of limb innervation, they do not exclude the possible involvement of other factors.
In the present study, we investigated the influence of limb buds of Xenopus laevis larvae on the growth of both sensory and motor axons in culture using gels of extracellular matrix of the Engelbreth -Holm -Swarm cell line (Matrigel). Our results show that diffusible factors released from developing limb buds attract growth of sensory and motor axons over distances of several hundred microns. The directed axonal growth persists in the presence of k252a which inhibits actions of neurotrophins mediated by trk receptors (Tapley et al., 1992) or trk-IgG fusion proteins which sequester neurotrophins (Shelton et al., 1995) . Similar directed axonal growth in the presence of Fig. 1 . Spontaneous, but random axonal outgrowth occurs from larval Xenopus DRGs (arrows) in the absence of added growth factors (A). In co-cultures, axons show directed growth from the DRGs (arrows) towards sheets of migrating cells (arrow heads) surrounding the limb bud viewed at high (B) and lower (C) magnification. Phase-contrast (D1) and immunofluorescence (D2) images of migrating cells showing some nuclei (arrows) labelled by antibody to phosphorylated histone H3, a mitotic marker. Directed axonal growth towards limb buds also occurs from the DRGs (arrows) of metamorphosing (approximately stage 60) larva (E) and juvenile Xenopus (F). Scale bar = 100 Am (A, B, E, F); 200 Am (C) and 50 Am (D). k252a or trk-IgG fusion proteins also occurs towards regenerating limb blastemae of urodeles (Tonge and Leclere, 2000) . These results show that axons can be attracted towards developing and regenerating limbs by factors other than the neurotrophins, although their identities remain to be determined.
Methods and materials
All reagents were purchased from Sigma unless otherwise stated.
Co-Cultures
Xenopus laevis and Ambystoma mexicanum used in this study were purchased from Tachbrook Tropicals and Blades Biologicals Ltd., UK. Animals were anaesthetized by immersion in an aqueous solution (0.1% w/v) of tricaine methanesulphonate and killed by destruction of the brain. In early experiments, the skin of the animals was sterilised by immersion in a 2% solution of bleach for 30 s, although this was later found to be unnecessary. Hind limb buds of Xenopus were removed by dissection and cocultured with spinal cords (with or without attached DRGs) of Xenopus larvae or Ambystoma (5 -7 cm), or PN-DRGs of postmetamorphic Xenopus and Ambystoma in RPMI 1640 medium usually containing 2% fetal bovine serum or horse serum, 100 units of penicillin, 100 Ag streptomycin and 250 ng amphotericin B per ml, diluted to 80% with sterile water. The peripheral nerves of the PN-DRGs were trimmed to leave about 2 mm of nerve attached to the DRGs and were cultured in pairs, together with limb buds, on 13 mm coverslips in shallow gels matrigel (Becton Dickinson Labware, UK) as described previously (Tonge et al., 1997) . In control experiments, spinal cords and PN-DRG preparations were cultured in gels without limb buds. The explanted preparations were cultured in microwells containing 500 Al of medium (or in some cases 35 mm dishes with 2 ml of medium) and kept in a humidified incubator at 21jC in an atmosphere of 96% air/4% CO 2 for up to 1 week.
Conditioned media
The effects of conditioned media (CM) on axonal growth were investigated by culturing batches of 6 -8 Xenopus limb buds or tail segments (cut into strips 1-2 mm wide) in matrigel in microwells containing 0.5 ml RPMI medium for 7 -8 days. The CM were filtered through 0.22 Am filters and added to Ambystoma PNDRGs in collagen gels. In some experiments, the tail segment CM was concentrated approximately 50-fold using 5 kDa molecular weight cutoff spin filters (Vivaspin) followed by dialysis against fresh RPMI medium before adding to PN-DRG cultures. In other experiments, Xenopus tails were cut into strips 2 -3 mm wide and batches of three cultured free-floating in 3-4 ml of RPMI for 5-7 days before filtration and addition (without concentration) to PN-DRG preparations.
Defined neurotrophic factors
To determine the effects of defined neurotrophic factors on axonal growth, PN-DRG preparations in Matrigel or collagen type 1, as described previously (Tonge et al., 1997) , were cultured for 4 days in media containing the Fig. 2 . RT-PCR analysis of migratory cells from Xenopus limb buds (lanes 2 -5) and stage 28 embryo controls (lanes 6 -9). Lane 1, markers; lanes 2 and 6 (BMP-2); lanes 3 and 7 (XIRG); lanes 4 and 8 (XLK); lanes 5 and 9 (XSLUG). The larval epidermal phenotype of the migratory cells is shown by the expression of XLK and X-IRG. X-IRG, but not BMP-2 and XSLUG (markers of mesoderm and neural crest, respectively). 
Larval Xenopus VRs
Gap distances between explant preparations showing directed axonal growth were substantially less than in preparations with random axonal outgrowth. a Each experiment generally comprised preparations taken from 4 -10 animals on a single day.
following recombinant human growth factors: NGF (Preprotech, UK), BDNF, NT-3, NT-4 (Alamone Laboratories), HGF and FGF-1(Autogen Bioclear), and rat recombinant GDNF (Preprotech, UK), and GFRa1-Fc chimera (R & D Systems). The effects of the neurotrophic factors were also tested on spinal cord segments (approximately 5 mm long), with attached ventral roots (VRs) of Ambystoma cultured in collagen gels. The concentration of these factors was 50 ng/ ml, unless otherwise stated.
To investigate the possible effects of neurotrophins secreted by the limb buds on axonal growth, 5 Ag/ml of trkA-, trkB-, and trkC-IgG fusion proteins (R & D systems) which sequester NGF, BDNF and NT-3, respectively (Shelton et al., 1995) or 50 nM of the tyrosine kinase inhibitor k252a (Calbiochem, UK), which blocks their effects mediated through trk receptors (Tapley et al., 1992) , were added to cultures. k252a blocks actions of mammalian neurotrophins in Xenopus (Liou and Fu, 1997) and since it competes with ATP within the kinase domain of trk receptors (Angeles et al., 1998) should also inhibit trk receptor signalling initiated by neurotrophins from any species.
Immunocytochemistry
After 2-7 days in culture, preparations were fixed for 1 h using 3.5% formaldehyde in phosphate buffer (pH 7.0). The fixed preparations were incubated overnight with monoclonal antibody 6-11B-1, which recognizes acetylated atubulin (LeDizet and Piperino, 1991) . Preparations were then washed with phosphate buffered saline (PBS) before incubation overnight with 1% biotinylated goat anti-mouse IgG. After further washing with PBS preparations were incubated overnight with 1% peroxidase-conjugated avidin. After further washing with Tris buffer (pH 7.6), preparations were incubated in Tris buffer containing 0.6 mg diaminobenzidine per ml for 10 min before addition of 1 Al/ml of 30% H 2 O 2 to visualize peroxidase activity. Stained preparations were mounted in Glycergel (Dako Ltd., UK) and photographed using differential interference phase contrast with a Nikon Optiphot-2 microscope. Spinal cord preparations cultured with neurotrophic factors were viewed under dark-ground illumination using a Zeiss Standard microscope with an image projection tube and the lengths of axons growing out of the cut ends of the VRs (typically 10-15/ preparation) were determined from camera lucida drawings using Scion Image PC. In preparations with many outgrowing axons, drawings were made of a representative selection of about 20 axons.
To detect mitotic cells, fixed preparations were incubated overnight with a rabbit polyclonal antibody to phosphorylated histone H3 (Upstate Biotechnology) diluted 1:200 in PBS/3% BSA. Following three washs in PBS preparations were incubated with a 1:200 dilution of Alexa 568 goat anti-rabbit (Molecular Probes) overnight, washed for a further 24 h in PBS, mounted in Citifluor (Agar Scientific) and viewed with an Olympus BH2 fluorescence microscope. Images were captured directly off the microscope using a Hamamatsu C5810 digital camera.
RT-PCR
To determine the identity of the sheets of migrating cells, four batches of six to eight limb buds were cultured for 5 days in Matrigel followed by removal of the limb buds. RNA was extracted from the migrated cells and stage 28 embryos using the Absolutely RNA kit (Stratagene) followed by generation of cDNA using M-MLV (Promega). PCR was carried out using primers for the following markers: BMP2 a marker for mesoderm (Nishimatsu et al., 1992) 5V TCCTCGACCAGTTTGAGCTT 3V (forward) 5V TCCTCACTGTGTTGGCTCTG 3V(reverse); XLK, a marker for larval skin keratin (Watanabe et al., 2001 ) 5V TGGATTTGGAGGTTTTGGAG 3V(forward) 5VGGAAC-CGGACCTTGTCAATA 3V (reverse); XIRG, a marker for nonneural ectoderm (Schmidt and Richter, 2000) 5VCAGG-TATGCAGACAGCTCCA 3V (forward) 5V GAACACGT-GAGTGGTTGTGC 3V (reverse); SLUG, a marker for neural crest (Mayor et al., 1995) 5VGCCTACAGCCCAAT-CACTGT 3V(forward) 5VGTCGGAAAGTTTGGTTTGGA 3V(reverse). PCR was performed for 35 cycles of denaturation at 95jC for 30 s, annealing at 60jC for 30 s and extension at 72jC for 30 s. The sizes of the amplified products (in bp) should be 201 (BMP-2), 204 (XLK), 215 (XIRG) and 201 (XSLUG).
To study neurotrophin expression, PCR was carried out using primers described by Xie et al. (1997) : NGF: 5V CCGCATTCCTCATCACACAC 3V (forward) 5V CCT _ CCCTTCCATTGTTAATGC 3 (reverse); BDNF: 5V ACTCTGACCCAGCCAGGCGT 3V (forward) 5V CAGTGTACATACACAAGAAG 3V (reverse); NT-3: 5V GAATTCCAGTGTTTGTCG 3V(forward) 5V CAGTCAT-CTCATTAGAAGC 3V(reverse); NT-4: 5V GTGATCTCA-TACTGTTGTGC 3V (forward) 5V TGCTTTTTGTCTA-CACCTCG 3V (reverse) on cDNA generated from the migrating epidermal cells and from Xenopus larval brain I ). In the absence of neurotrophic factors, some spontaneous axonal outgrowth (arrows) is observed (A) but the numbers are markedly increased in the presence of the neurotrophins (50 ng/ml). However, in the presence of k252a, the stimulatory effects of the neurotrophins are abolished (C, E, G, I). Scale bar = 100 Am. and spinal cord as described above. The primers for ornithine decarboxylase (ODC) were: 5V GCCATTGTGAAGACTC-TCTCCATTC 3V (forward) 5V TTCGGGTGATTCCTTGC-CAC 3V(reverse). Following an initial denaturation step of 94jC for 2 min, PCR was performed for 30 cycles of denaturation at 94jC for 30 s, annealing at 51jC for 30 s and extension at 74jC for 30 s. The sizes of the amplified products (in bp) should be 522 (NGF), 377 (BDNF), 402 (NT-3), 548 (NT-4) and 220 (ODC).
Statistical analysis
Differences between means were evaluated throughout by a Student's t test and considered significant at P < 0.05. Correlation between the occurrence of cellular migration and directed axonal outgrowth in preparations was analysed using Fisher's Exact Test.
Results

Co-cultures
Spinal cords with attached DRGs of Xenopus tadpoles (stages 52 -54) were cultured with and without hind limb buds in matrigel. Within 24 h, spontaneous axonal outgrowth occurred from DRGs in all cultures and initially appeared random (Fig. 1A) . In co-cultures however, after 3 -5 days most preparations (27/34) showed directed axonal growth (defined here as parallel or convergent axonal growth of >10 axons) towards the limb buds (Fig. 1B) over distances up to 800 Am (Table 1) . Significantly, in 27/28 preparations showing directed axonal growth, extensive spontaneous cellular migration had occurred from the limb buds and axons appeared to grow directly towards the migrating cells (Fig. 1C) , suggesting they provided a particularly rich source of axonal growth factor(s). The cells (many of which were in mitosis as shown in Fig. 1D ) appeared morphologically similar to epidermal cells migrating from Xenopus larvae tails in culture as previously described (Strohmeier and Bereiter-Hahn, 1991) . To confirm the identity of the cells in our cultures, we initially performed RT-PCR on cDNA prepared from migrating cells from the limb buds in culture. We found that Xenopus larval keratin (XLK) a marker specific for larval skin (Watanabe et al., 2001 ) was strongly expressed in cDNA prepared from migrating cells but not in cDNA prepared from stage 28 Xenopus embryos. We also tested whether the cellular phenotype represented earlier neural crest or mesodermal origins since both these lineages are associated with migratory populations. Our results (Fig. 2) confirm the epidermal identity of these cells and demonstrate that they maintain (at least some) characteristics of their larval origin. In at least six separate experiments we observed directed axonal growth towards epidermal cells migrating from fore-limb buds and segments of Xenopus tail. However, neither cell migration nor directed axonal growth occurred in co-cultures with other tissues including heart, kidney, liver, abdominal muscle (data not shown).
To determine whether mature neurons would also show directed axonal growth, we co-cultured limb buds and DRGs or nodose ganglia with short lengths of attached peripheral nerves (PN-DRGs) of juvenile (2-3 cm) and adult Xenopus and also Ambystoma mexicanum. The results of these experiments (summarized in Table 1) show that directed axonal growth towards the limb buds occurred in most preparations (as in Fig. 1E and 1F) , and was usually associated with epidermal cell migration. Cell migration and directed axonal outgrowth also occurred in 14/15 co-cultures of juvenile Xenopus PN-DRGs with explants of larval skin (mean gap 518 F 281 Am; results pooled from two separate experiments). Additionally, in co-cultures of limb buds with Xenopus tadpole spinal cords (without DRGs) or spinal cord segments of Ambystoma directed axonal outgrowth towards migrating cells occurred from spinal roots (Fig. 3) . These results (summarized in Table 1) indicate that both motor and sensory neurons of developing and mature amphibia can respond to axonal growth factors released from the cultured limb buds. In view of the striking correlation ( P < 0.001) observed between cellular migration and directed axonal outgrowth seen in all co-culture experiments, an additional experiment was carried out to determine whether the migrating cells could attract axonal growth. Segments of skin (2 -3 mm diameter) from the backs of Xenopus tadpoles were co-cultured 4-5 mm from PN-DRGs of juvenile Xenopus in matrigel. After 4 -6 days, by which time the migrating epidermal cells had approached to within approximately 2mm of the PN-DRGs, the skin segments were removed with watchmakers forceps from the gels. At this stage, axonal growth from the PN-DRGs was randomly orientated. Following removal of the skin segments, epidermal cells continued to migrate and within 1-2 days directed axonal growth was observed in 8/8 preparations (mean gap 575 F 244 Am). This experiment demonstrates the ability of the migrating epidermal cells alone to attract axonal growth.
Conditioned media stimulate axonal growth
In initial experiments PN-DRGs of juvenile Xenopus were cultured in collagen gels with media conditioned by limb buds and tail segments, but axonal growth appeared only slightly enhanced compared to control preparations (data not shown). We therefore repeated the experiments using PN-DRGs of Ambystoma since we had observed that directed axonal growth from these preparations was generally more vigorous than from Xenopus preparations in the co-culture experiments with limb buds and tail segments. In an experiment in which preparations were cultured in limb bud CM the mean number of outgrowing axons per preparation (32.6 F 7.7; n = 9) was greater than in control preparations (14.3 F 3.3; n = 8) but the difference was not significant. However, preparations cultured in media conditioned by tail segments in matrigel (three experiments) or even free-floating (five experiments) showed marked increases in axonal outgrowth as illustrated in Fig. 4 . The mean axon numbers of preparations cultured in media conditioned by tail segments in matrigel (49 F 7.8, n = 8) and free-floating tail segments (72.6 F 10.6; n = 8) were significantly greater than controls ( P < 0.02 and P < 0.005, respectively; one experiment in each case).
Effects of neurotrophins
Recent studies (Patel et al., 2000; Tucker et al., 2001) have demonstrated involvement of neurotrophins in axon elongation during development of the PNS in the mouse. In Xenopus, embryonic spinal cord neurons show neurite growth towards sources of BDNF and NT-3, whereas NGF and HGF stimulate neurite extension, but are not chemoattractive (Ming et al., 1997; Stein et al., 2001) . GDNF also stimulates neurite extension (Wang et al., 2002) . However, since effects of these factors on Xenopus DRG neurons have not been investigated, we tested the ability of NGF, BDNF, NT-3, NT-4, GDNF, HGF and FGF-1 (at 10, 50 and 100 ng/ml) to promote axonal growth from postmetamorphic Xenopus PN-DRG preparations (three per condition) in Matrigel. In this experiment NGF, BDNF, NT-3 and NT-4 all caused dense axonal growth from the tips of the peripheral nerves (Fig. 5) , which appeared maximal at 50 ng/ml. The stimulation of axonal growth was blocked by 50 nM k252a (Fig. 5) as in Ambystoma and mouse. (Edström et al., 1996; Leclere et al., 1998; Tonge and Leclere, 2000) . However, axonal growth in the presence of the other factors appeared similar to that in control preparations. We therefore repeated the experiment using collagen gels, in which there is less spontaneous axonal outgrowth than in Matrigel (Tonge et al., 1997) . In two separate experiments we confirmed the effectiveness of the neurotrophins in stimulating axonal growth, together with the ability of k252a and the trk-IgG fusion proteins to block this stimulation (Fig. 6) . However, in the presence of the other factors, although the numbers of outgrowing axons were higher than in control preparations the differences were not significant (data not shown).
We have previously shown that the neurotrophins and GDNF (but not HGF or FGF-1, -2, -4, -8) stimulated axonal growth from Ambystoma PN-DRG preparations (Tonge and Leclere, 2000) . We have subsequently tested the effects of GDNF and the neurotrophins on axonal outgrowth from spinal roots of Ambystoma in collagen gels and found that, with the exception of NGF, they stimulate axonal growth (Table 2) .
Since neurotrophins stimulate growth of both sensory and motor axons in Xenopus and Ambystoma and their effects are blocked by k252a, we investigated whether the directed axonal growth towards limb buds might involve I ). In the absence of neurotrophic factors, very little spontaneous axonal outgrowth (arrows) is observed (A). Axon numbers are markedly increased in the presence of the neurotrophins (B, D, F and H) but their stimulatory effects are abolished by k252a (C, E, G and I) where the mean numbers of outgrowing axons per preparation (six for each condition) in NGF (5.1 F 0.9); BDNF (4.5 F 1.4), NT-3 (3.8 F 1.3) and NT-4 (5.8 F 1.2) were all significantly less ( P < 0.001) than in control preparations (11.8 F 0.8, n = 12). A similar abolition of the effects of the neurotrophins on axonal growth was also observed in the presence of the trk-IgG fusion proteins. The mean numbers of outgrowing axons per preparation (6 for each condition) in the presence of NGF+ trkA-IgG (12 F 5.9); NT-3 + trkC-IgG (11.6 F 2.0) and NT-4 + trkB-IgG (12.5 F 3.1) were similar to controls (11.8 F 0.8, n = 12) whilst in the presence of BDNF+ trkB-IgG the mean number (5 F 1.3) was significantly less ( P < 0.001) than in control preparations. Scale bar = 100 Am. 249 + 13 (n = 99) NS P < 0.005 P < 0.005 P < 0.001
(n = number of axons). Measurements were pooled from four separate experiments. 
In nearly all preparations, directed axonal growth was associated with epidermal cell migration from the limb buds. Distances between explant preparations showing directed axonal growth were substantially less than in preparations with random axonal outgrowth. a Each experiment generally comprised preparations taken from 4 -10 animals on a single day.
neurotrophins by co-culturing limb buds with PN-DRGs of postmetamorphic Xenopus and Ambystoma in the presence of this inhibitor. The results of these experiments (summarised in Table 3) show that directed axonal outgrowth from PN-DRGs and also from VRs still occurs in most preparations in the presence of k252a (as shown in Fig. 7) suggesting that it is due to release of factor(s) other than the neurotrophins. Consistent with this hypothesis, in co-culture experiments using trk-IgG chimeras to sequester neurotrophins (Shelton et al., 1995) directed axonal growth towards the limb buds and migrating cells still occurred as shown in Fig. 7B and 7C and summarised in Table 3 . Furthermore, since the migrating epidermal cells appeared to be the most potent source of neurotropic activity, we investigated expression of the neurotrophins by RT-PCR. Results shown in Fig. 8 indicate that whilst NGF, BDNF NT-3 and NT-4 are expressed in larval Xenopus CNS, they were not detected in cDNA generated from the migrating cells under the same experimental conditions. The effects of GDNF are mediated by the c-Ret receptor tyrosine kinase and the glycosyly-phosphatidyl inositol-anchored co-receptor, GDNF family receptor a1 (GFRa1). GDNF can act as a chemoattractant for embryonic rat nodose and sympathetic ganglia neurites in vitro and its effects are potentiated by soluble GFRa1 (Ledda et al., 2002) . However, even in the presence of high concentrations of both GDNF (100 ng/ml) and GFRa1 (300 ng/ ml), directed axonal growth from PN-DRGs towards Xenopus limb buds still occurred (5/5 preparations; one experiment), suggesting that this must be due to other factor(s).
Discussion
Previous studies have shown that tissues from developing limbs of amphibia and chick are able to stimulate outgrowth of spinal cord and sensory axons in vitro (Ebens et al., 1996; Honig and Zou, 1995; Nurcombe and Bennett, 1983; Pollack et al., 1981) although the directional effects are generally weak. A major novel finding of the present study is that sensory and motor axons show striking parallel or convergent growth towards limb buds and especially migrating epidermal cells from developing limbs and tail. Such directed axonal growth towards epidermal cells might provide a long-range stimulus to encourage axonal growth throughout the developing limb.
The identity of the factor(s) responsible for attraction of axonal growth towards developing limbs is unclear. Neurotrophins are able to attract axonal growth in vivo and in vitro (reviewed by McFarlane and Holt, 1997) . A role for neurotrophins in development of limb innervation is suggested by experiments showing that antibodies to neurotrophins block extension of both motor and sensory axons into limb slices of embryonic mice in culture (Tucker et al., 2001) . However the same study showed that although beads impregnated with neurotrophins could attract growth of sensory axons from their normal pathways in the limb buds, motor axons were rarely affected, suggesting that they are guided by other factors within developing limbs. The existence of factors other than neurotrophins able to attract growth of sensory axons of the peripheral nervous system is also suggested by observations that although BDNF and NT-3 released by To investigate whether axonal growth towards Xenopus limb buds involves neurotrophins, we used k252a (at concentrations which block their effects on sensory axonal growth in both Xenopus and Ambystoma) but still observed directed growth. Furthermore, directed axonal growth also occurred in the presence of the trk-IgG chimeras. In Xenopus, trkB-IgG and trkC-IgG are known to block NT-4 and NT-3 activity (Wang and Poo, 1997; Xie et al., 1997) but the abilities of trkA-IgG and trkB-IgG to sequester Xenopus NGF and BDNF have not been investigated. However, trkB-IgG would be expected to block the activity of Xenopus BDNF since it is effective against chicken BDNF (Von Bartheld and Johnson, 2001 ) and chicken and Xenopus BDNF sequences are highly conserved (Isackson et al., 1991) . NGF is less well conserved than BDNF among vertebrates (Gotz et al., 1992) and it is therefore possible that Xenopus NGF might not be sequestered by human trkA-IgG. However, this is unlikely to be the case since we have shown (in this study) that human NGF stimulates axonal growth of Xenopus sensory neurons, consistent with structural similarity of the binding sites of Xenopus and human trkA. Nevertheless, although the ability of trkA-IgG to sequester Xenopus NGF has not been established experimentally, NGF is not responsible for the directed growth of motor axons towards limb buds since it fails to stimulate their growth in Ambystoma (Table  2 ) and is not chemoattractive to neurites of spinal cord neurons in Xenopus (Ming et al., 1997) . Moreover, the directed axonal growth towards epidermal cells migrating from limb buds and tail segments does not appear to involve the neurotrophins since expression of these factors was not detected by RT-PCR.
Other neurotrophic factors including GDNF, HGF and FGFs are expressed in developing limbs in mammals and birds and therefore probably present in amphibian limb buds, but are unlikely to account for the chemoattraction of axonal growth towards the limb buds. Recombinant human HGF and FGF-1 failed to stimulate growth of Xenopus sensory axons in the present study, or sensory or motor axons in Ambystoma (Tonge and Leclere, 2000) . GDNF stimulates growth of both motor and sensory axons in Ambystoma (Tonge and Leclere, 2000) and although it promotes neurite extension by Xenopus embryonic spinal cord neurons (Wang et al., 2002) it failed to stimulate axonal growth by Xenopus PN-DRGs in the present study. These observations, together with the persistence of directed axonal growth towards limb buds in the presence of k252a or trk-IgG chimeras to block neurotrophin activity suggest that the chemoattractive effects of limb buds on axonal growth cannot be accounted for by any of the neurotrophic factors currently known to be present in the developing limb.
The directed axonal growth towards Xenopus limb buds described in the present study is strikingly similar to that observed towards regenerating limb blastemae of Ambystoma (Tonge and Leclere, 2000) , which also persists in the presence of k252a and trk-IgG chimeras, suggesting that the factor(s) involved may be homologues. Consistent with this hypothesis, Xenopus limb buds strongly attract growth of Ambystoma sensory and motor axons. The molecular identity of the chemoattractive factor(s) remains to be determined. Fig. 8 . RT-PCR analysis of neurotrophin expression in Xenopus CNS (lanes 2 -6) and migrating epidermal cells (lanes 7 -11). Lane 1, markers; lanes 2 and 7 (ODC); lane 3 and 8 (BDNF); lanes 4 and 9 (NGF); lanes 5 and 10 (NT-3); lanes 6 and 11 (NT-4). The neurotrophins are expressed in the CNS but not in the migrating epidermal cells.
